INTRODUCTION
Creatine kinase (CK, EC 2.7.3.2) isoenzymes are involved in the energy metabolism of tissues with high and fluctuating energy demands such as skeletal and cardiac muscle, brain, photoreceptor cells of the retina and spermatozoa (for reviews see [1, 2] ). In chicken, rat and man, four different CK isoenzymes are known, two cytoplasmic (M-and B-CK) and two mitochondrial (Mia-and Mib-CK), all with a subunit Mr of approx. 43000. Mand Mib-CK are found primarily in sarcomeric muscles, whereas B-and Mia-CK are the predominant CK isoenzymes in neural tissues.
At the cellular level, two different modes of direct action of thyroid hormones have been put forward. The nuclear effects are well established and are mediated by the binding of triiodothyronine (T3) to specific nuclear c-erbA-related receptor proteins with subsequent transcriptional activation or inhibition of T3-responsive genes (for a review see [3] ). On the other hand, immediate stimulation of ion, sugar and amino acid transport across the plasma membrane, increased oxygen consumption in mitochondria and alterations of the filamentous cytoskeleton were proposed as extranuclear effects of thyroid hormones, occurring independently of nuclear regulation of transcription by T3 ( [4, 5] ; for reviews see [6] [7] [8] ). However, the occurrence and physiological significance of these latter effects is still disputed.
In order to identify mitochondrial thyroid-hormone-binding proteins, Rasmussen et al. [9] made use of 1251-labelled Nbromoacetyl-T3 (BrAc['251]T3). This alkylating T3 derivative and its thyroxine analogue (BrAcT4) have been extensively used for vation studies with the purified chicken CK isoenzymes have further demonstrated that all four CK isoenzymes (Mia-, Mib-, M-and B-CK) are indeed selectively labelled by BrAcT3. However, in contrast with their bromoalkyl derivatives, thyroid hormones themselves did not compete for CK labelling, suggesting that not the thyroid hormone moiety but rather the bromoacetyl-driven alkylation of the highly reactive 'essential' thiol group of CK accounts for this selective labelling. Therefore the assumption that CK isoenzymes are thyroid-hormonebinding proteins has to be dismissed. Instead, bromoacetyl-based reagents may allow a very specific covalent modification and inactivation of CK isoenzymes in vitro and in vivo.
the identification of thyroid-hormone-binding proteins of the nucleus, the nuclear envelope, the endoplasmic reticulum and the plasma membrane ([ 0-20] ; for further references see [21] ). As a matter of fact, incubation of rat heart mitochondria with BrAc[1251I]T3 resulted in the very selective labelling of a protein doublet with an apparent Mr of about 45000 [9] .
Several arguments made it attractive to suggest that this protein doublet represents Mi-CK and that interaction of thyroid hormones with Mi-CK is of physiological importance. (1) The BrAcT3-labelled protein doublet and purified rat heart Mi-CK have approximately the same Mr [9, 22] . Furthermore, under certain conditions, rat heart Mi-CK also migrates as a double band in SDS/polyacrylamide gels [22] . (2) Mitochondrial T3-binding proteins were previously localized to the inner membrane ( [23, 24] ; for a review see [7] ) and coincide therefore in location with Mi-CK which is attached to the outer surface of the inner mitochondrial membrane [25] . (3) Thyroid hormones influence and regulate the energy metabolism of cells. On the other hand, Mi-CK fulfils all preconditions to be an attractive site for regulation of cellular energy metabolism. In contrast with their cytosolic counterparts, Mi-CK isoenzymes are thought to be displaced from thermodynamic equilibrium and thus are under kinetic control [26, 27] . Regulation of the enzyme activity of Mi-CK by thyroid hormones could thus directly influence the flux of high-energy phosphates out of the mitochondria. (4) Similarly to presumptive thyroid-hormone-binding proteins such as thyroid peroxidase [28] , thyroxine-binding globulin [29] , 5-and 5'-iodothyronine monodeiodinases [18, 19, 30] , protein disulphide isomerase [16] , and the nuclear T3 receptor [31] , all CK iso-464 M. Wyss, T. Wallimann and J. Kohrle enzymes also contain in or near the active site a highly reactive thiol group, alkylation of which leads to almost complete inactivation of the enzyme (for a review see [32] ). This might suggest that a reactive thiol group is an essential prerequisite for thyroid hormone binding. (5) Already in the 1950s, it was reported that thyroxine influences CK activity (for a review see [33] ), but significant effects were only observed at unphysiologically high T4 concentrations.
The aims of the present investigation were (1) to identify the protein doublet labelled by BrAcT3in rat heart mitochondria, (2) to extend these studies to the cytosolic and mitochondrial fractions of rat brain and liver in order to see if labelling by BrAcT3 is a particular property of rat heart Mib-CK or a more general phenomenon of all known CK isoenzymes and (3) to characterize the nature of the interaction of BrAcT3 with Mib-CK. The present findings may serve as a basis for the design of highly specific labelling and inactivation reagents for all CK isoenzymes.
MATERIALS AND METHODS Materials H.p.l.c.-purified thyroid hormones, thyroid hormone derivatives and iopanoic acid were kindly provided by Dr. H. Rokos (Henning GmbH, Berlin, Germany). EMD 21388, a T4-antagonistic flavonoid [19] , was obtained from Dr. K. Irmscher (E. Merck, Darmstadt, Germany). BrAcT3, BrAcT4 and BrAc[125I]T3 (specific radioactivity 3 mCi/,ug) were synthesized as described [18] . The disodium salts of ADP and ATP as well as papain were purchased from Boehringer-Mannheim (Germany), creatine was from Sigma (St. Louis, MO, U.S.A.), phosphocreatine (PCr) from Calbiochem (Lucerne, Switzerland), bromoacetic acid, phenacyl bromide, methyl bromoacetate, 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) and N;-benzoyl-Larginine ethyl ester (BAEE) were from Fluka (Buchs, Switzerland), and 2-bromoacetamide and 2-(2-bromoacetyl)naphthalene from Aldrich (Suchema AG, Kaltenbach, Switzerland). All other chemicals were at least of reagent grade. Chicken Mia-CK (specific activity 62.5 units/mg of protein), Mib-CK (115 units/mg of protein) and B-CK (230 units/mg of protein) were purified as previously described [34] [35] [36] . Chicken M-CK (210 units/mg of protein) was purified as described by Eppenberger et al. [37] followed by anion-exchange chromatography on a Mono Q column (f.p.l.c.; Pharmacia, Dubendorf, Switzerland).
Preparation of mitochondria, mitoplasts and cytosolic fractions from rat heart, brain and liver All steps of the preparation were performed at 4°C or on ice, and all homogenizations and resuspensions were done with a tightly fitting glass/Teflon homogenizer at 400 rev./min. After homogenization of two rat hearts (or two brains or two livers) in 60 ml (45 ml or 60 ml) of buffer A [220 mM mannitol, 70 mM sucrose, 10 mM Hepes, 0.2 mM EGTA, 1 mM 2-mercaptoethanol (2-ME), 1 mM NaN3, pH 7.4 ] and centrifugation at 750 g for 5 min to remove whole cells, nuclei and fibrillar material, mitochondria were pelleted and washed by two consecutive centrifugations at 6000 g for 10 min, followed by resuspension in 20 ml (25 ml or 50 ml) of buffer A. After a further centrifugation at 6000 g for 15 min, heart and liver pellets were resuspended in 5 ml and 30 ml of buffer A respectively. The fractions thus was swollen in 30 ml of bidistilled water to open synaptic vesicles and therefore remove B-CK. The mitoplasts were pelleted by two consecutive centrifugations at 10000 g and 20000 g for 30 min, followed by resuspension in 25 ml of bidistilled water and 10 ml of buffer A respectively. The final fraction contains purified brain mitoplasts. The supernatants of the very first centrifugation at 6000 g were used as heart, brain and liver cytosolic fractions.
Labelling experiments
Mitochondrial, mitoplast and cytosolic fractions of rat heart, brain and liver at a protein concentration of 1 mg/ml as well as purified chicken Mia-and 1 litre of buffer C; Sigma, Heidelberg, Germany), followed by an additional incubation of the mixture for 10 min at 4 'C. Free and bound hormones were separated by centrifugation at 3000 g for 10 min at 4 'C. Non-specific binding was determined by tracer displacement with saturating concentrations of T3 or T4 (20 ,uM) . Purified human transthyretin (kindly provided by Dr. V. Cody, Medical Foundation, Buffalo, NY, U.S.A.) served as positive control in these binding and displacement experiments [38] .
Other methods SDS/PAGE and autoradiography were performed as described by Kohrle et al. [18] . For the immunodetection of the CK isoenzymes, SDS/polyacrylamide gels were semi-dry-blotted on to nitrocellulose membranes (Schleicher and Schiill, Dassel, Germany) in an SDS-containing transfer buffer for 105 min at a constant current of 1 mA/cm2 [39] . Incubation with the primary and secondary antibodies as well as peroxidase staining with chloronaphthol as substrate were carried out as described [40] .
Rabbit anti-(chicken Mia-, Mib-, M-and B-CK) sera, diluted 1:250 with buffer D (10% horse serum in PBS, 1 mM NaN3, pH 7.2-7.4) or 5 % (w/v) non-fat dried milk, were used as primary antibodies, and horse-radish peroxidase-labelled goat anti-rabbit IgG (Nordic, Biogenzia Lemania AG, Lausanne, Switzerland) diluted 1:2500 with the same buffers as secondary antibody. Protein concentrations were determined by the method of Bradford [41] using the Bio-Rad reagent and, as standard, BSA or bovine y-globulin. An f.p.l.c. Superose 12 column (Pharmacia) was used for gel-permeation chromatography to determine the dimer to octamer ratio of the Mi-CK isoenzymes [35] . Cellulose polyacetate electrophoresis was performed as described [34] . Statistical analysis was done by Student's t test, and all results are means + S.D. for three or four measurements.
In extraction experiments, rat heart mitochondria were swollen with bidistilled water or with bidistilled water containing 10 ,uM T3 or 10 #M BrAcT3. After centrifugation of the mitoplasts, Mi-CK was extracted in buffer E (100 mM sodium phosphate, 10 mM 2-ME, 1 mM NaN3, pH 7.4), buffer E plus 10 ,uM T3 or buffer E plus 10 ,sM BrAcT3. The membranes were pelleted again and the CK activities determined in the pellets and supernatants.
RESULTS
Characterization of the CK isoenzyme system of the rat Cardiac muscle and brain from rat [42, 43] , chicken [34, 40, 44] and man [45] were previously reported to contain two different Mi-CK isoenzymes. The chicken Mi-CK isoenzymes were further shown to form dimeric and octameric molecules [34, 35, 40] activity [34, 35] . In order to confirm these findings also for the rat, and to be able to distinguish the binding of BrAcT3 to each of the different CK isoenzymes, subfractionations of rat heart, brain and liver were performed, and the CK isoenzymes of the respective fractions subsequently analysed by cellulose polyacetate electrophoresis (Figure 1 ). Liver was included as a negative control for it is known to contain only minute amounts of CK activity [46] . As can be seen in Figure 1(a) , the cytosolic and mitochondrial CK isoenzymes of rat heart were nicely separated by differential centrifugation. In contrast with chicken Mis-and Mib-CK, formation of a transition-state-analogue complex of rat heart Mi-CK was always accompanied by a progressive loss of activity, and a faint dimer band could only rarely be observed (Figure la (Figure lc, lane 1) , for the second band in the region of MM-CK turned out to represent adenylate kinase activity ( Figure Id, lane  1) . These findings contrast with the detection of significant amounts of Mi-CK in human liver [47] and also conflict with results of Biermans et al. [46] (Figure 2a Figure 2c ) and with an anti-(B-CK) antibody (being specific for the cytosolic isoenzymes M-and B-CK; Figure 2d ) further revealed that M-CK in rat heart cytosol ( Figure 2, lane 3) [16, 17] .
The finding that all CK isoenzymes are labelled by BrAcT3 was further corroborated by inactivation experiments with the purified chicken CK isoenzymes ( Figure 3 and Table IA The inactivation experiments were performed in buffer B as described in detail in the Materials and methods section: 0.17 mg/ml (= 4 ,uM of subunits) of chicken Mia-(a), Mib-(E).
M-(0) and B-CK (A) were incubated at 25°C with 10 ,uM BrAcT3 for the indicated periods of time, and the CK activities thereafter determined by the pH-Stat method. Figure 4 Competition of the BrAcT3 labelling of rat heart mitochondria with thyroid hormones, thyroid hormone derivatives, thiol-group-blocking reagents or substrates
Labelling of rat heart mitochondria with BrAc [9] . The facts that MgADP enhances the inactivation rate of chicken Mib-CK and that formation of a transition-stateanalogue complex protects the enzyme from inactivation (Table  IC) perfectly agree with experiments on rabbit MM-CK in which inhibition of the enzyme activity by iodoacetamide was also increased by MgADP and diminished by formation of a transition-state-analogue complex [48] . Taken together, these results show that BrAcT3, as well as thiol-group-blocking reagents that have a low structural similarity to thyroid hormones, behave similarly towards CK, indicating that the selective labelling of the CK isoenzymes by BrAcT3 is triggered by their highly reactive thiol groups and not by iodothyroninebinding sites. 
Inactivation of chicken Mlb-CK by other bromoacyl compounds
In order to corroborate the conclusions drawn so far and to see if bromoacyl compounds in general might be selective labelling and inactivation reagents for CK isoenzymes, the interaction of six bromoacyl compounds with Mib-CK was investigated. For comparison, the rates of modification of papain, a cysteine proteinase, as well as of cysteine itself were also determined for the same reagents. Phenacyl bromide and 2-(2-bromoacetyl)-naphthalene reacted very rapidly with available thiol groups ( Figure 5 , Table 3 ). In the presence of 0.5 mM 2-ME, inactivation Of Mib-CK was not complete. In the absence of 2-ME, however, complete inactivation by phenacyl bromide and 2-(2-bromoacetyl)naphthalene was already achieved after 10 min (not shown). In contrast with these very electrophilic reagents, the other bromoacyl compounds tested reacted preferentially with Mib-CK, even in the presence of 0.5 mM 2-ME, as can be seen from the almost straight lines in the semilogarithmic plot ( Figure  5 ). When, on a structural basis, BrAcT3 is assumed to have about the same inherent reactivity as 2-bromoacetamide, its reaction rate with Mib-CK is increased 40-fold by the thyroid hormone moiety (Table 3) . When, however, the rate of cysteine modification is taken as a direct measure of the reactivity of the bromoacetyl compounds, the reaction rate of BrAcT3 with Mib-CK, relative to 2-bromoacetamide, is augmented by 300-fold. A Table 3 Reaction rate constants for the inactivation of Miy-CK and papain as well as for the modlication of cysteine by different bromoacyl compounds
The reaction rate constants were calculated as described in the Materials and methods section. The values for the inactivation of Mib-CK are derived from the data presented in Figure 5 . 2-(2-Bromoacetyl)naphthalene was used at a concentration of 10 1sM. The experiments on the inactivation of papain and on the modification of cysteine by different bromoacyl compounds were performed as described in the Materials and methods section. 40-to 300-fold increase corresponds to a difference in activation energy of approximately 9-14 kJ/mol which is not sufficient to postulate a specific thyroid-hormone-binding site of Mib-CK, but supports the notion that the unusually reactive thiol group of CK is located within a hydrophobic environment [32, 49] . To conclude, bromoacetyl compounds are very promising candidates for the specific labelling and inactivation of CK isoenzymes. Because of the hydrophobic pocket near the reactive thiol group of CK, an aromatic moiety attached to the bromoacetyl group is likely to increase the specificity of the reagent, as can be seen from the data obtained with BrAcT3. However, the bromoacyl moiety should not be part of a delocalized system as in phenacyl bromide or 2-(2-bromoacetyl)-naphthalene, since these reagents are too reactive and thus bind non-specifically to all available thiol groups.
DISCUSSION
In the present investigation, Mi-CK was identified as a target for alkylation by the thyroid hormone derivative BrAcT3, whereas under the same conditions the mitochondrial adenine nucleotide translocator (ANT) was not labelled in rat heart, brain or liver. However, a large body of evidence demonstrates that Mi-CK, like ANT, is in all likelihood not a mitochondrial thyroidhormone-binding protein. (1) 3,5-T2, T3, T4 and thyroid hormone analogues such as EMD 21388 were not effective in protecting rat heart Mib-CK as well as purified chicken Mia-and Mib-CK from labelling by BrAc[125I]T3 ( Figure 4 , Table 2 ). In addition, they did also not decrease the rate of inactivation of chicken Mib-CK by BrAcT3 (Table iB) . (2) No specific binding of underivatized T3 to purified chicken Mib-CK was observed. (3) Extraction experiments with rat heart mitoplasts manifested no influence of 1O ,uM T3 on the interaction of Mib-CK with the inner mitochondrial membrane. Furthermore, 20 ,uM T3 or 3,5-T2 did not affect the enzyme activity and only slightly increased the dimer to octamer ratio of both chicken Mia-and Mib-CK (results not shown). (4) MgADP on the one hand and formation of a transition-state-analogue complex on the other influenced the labelling and inactivation of Mib-CK by BrAcT3 in the very same way (Figure 4 , Table IC) as they influenced the inactivation of rabbit MM-CK by iodoacetamide [48] , indicating that either a reactive thiol group is close to or directly involved in a thyroidhormone-binding site of Mib-CK or that the interaction of BrAcT3 with Mib-CK is entirely due to the extraordinary reactivity of some thiol groups of CK (probably Cys-278). The findings that pure thiol-group-blocking reagents such as iodoacetamide and DNFB were most effective in competing for the labelling of Mib-CK by BrAc[1251]T3 ( Figure 4, Table 2 ), that all CK isoenzymes in rat and chicken were modified by BrAcT3 (Figures 2 and 3) , with no marked preference for the mitochondrial isoenzymes, and that other bromoacyl compounds with no structural similarity to thyroid hormones also inactivated chicken Mib-CK in the same concentration range as BrAcT3 ( Figure 5 , Table 3 ) strongly favour the second possibility.
These findings open the door to the design of very specific inhibitors and labelling reagents for CK, i.e. by combining the substrate specificity of the CK isoenzymes with the extraordinary selectivity of bromoacetyl derivatives for the highly reactive thiol group of CK. Since the latter was reported to be located at or near the substrate-binding site of CK, and since ATP y-pazidoanilide [50] and CIR-ATP [51] proved to be valuable reagents for the identification of amino acid residues near the active site of CK, ADP or ATP analogues with a bromoacetyl moiety attached to the ,-or y-phosphate group respectively will be promising candidates for future studies.
As far as the thyroid hormone aspect is concerned, the present study also provides some important implications. Thyroid hormones have a variety of acute as well as long-term effects on mitochondria. They are known to increase mitochondrial oxygen consumption and oxidative phosphorylation rate [52, 53] , mitochondrial DNA, RNA and protein synthesis ( [54] ; for reviews see [6] [7] [8] ), mitochondrial proton leakage and membrane potential [55] , as well as the extramitochondrial ATP/ADP ratio [55, 56] , whereas they decrease the intramitochondrial ATP/ADP ratio [53, 56] . Furthermore, thyroid hormones influence mitochondrial morphology and turnover [57] and are thought to regulate the enzyme activities of several mitochondrial enzymes (for a review see [58] ). Whether they also decrease the ADP/O and H+/O ratios is still disputed (see [58] [59] [60] ).
Some effects of thyroid hormones on mitochondria may be accounted for by regulation of nuclear gene expression, but others are suggested to be direct effects, since they were also observed in isolated mitochondria or in the presence of specific inhibitors of cytoplasmic protein synthesis [7, 52, 53, 59] . In fact, several groups have demonstrated the presence of saturable highaffinity T3-binding sites in mitochondria from a variety of tissues ( [23, 24, [61] [62] [63] ; for a review see [7] ) which were localized both to the inner [7, 23, 24, 63] and outer [63] membranes. Purification of a thyroid-hormone-binding protein from mitochondrial inner membranes [61] , its physicochemical similarity to ANT, and photoaffinity-labelling by T3 of purified ANT from bovine heart mitochondria, a preparation that displayed high-affinity lowcapacity T3-binding sites, led to the hypothesis that ANT is the actual 'mitochondrial thyroid hormone receptor' [62] . Several arguments, however, favour the contrary [6, 55, 64] . Most importantly, the reported binding capacity of the purified mitochondrial T3 'receptor' (143 fmol/mg of protein) [61] is far below the value expected for a 1: 1 ratio of thyroid hormone to ANT (32 nmol/mg of protein on the basis of a subunit Mr of 31000 for the ANT) meaning that a faint contamination in the ANT preparation might be responsible for the specific T3-binding activity.
In accordance with these conclusions, Rasmussen et al. [9] were not able to label ANT in rat heart mitochondria with BrAcT3. Instead, a protein doublet of equal intensity of Mr about 45000 was preferentially labelled. Since the labelling of this protein doublet is simply due to the extraordinary reactivity of the bromoacetyl moiety of BrAcT3 with the highly reactive thiol group of Mi-CK, the question of how thyroid hormone effects on mitochondria are mediated still remains unsolved. Several possibilities have to be taken into account. (1) Mitochondria may have a different thyroid hormone specificity than the nucleus where T3 displayed the highest affinity for the c-erbA-related receptor proteins [3] . Since 3,5-T2 in perfused rat liver has been shown to increase oxygen consumption and oxidative phosphorylation [52, 53] , BrAc-3,5-T2 may be an attractive alternative for future studies. (2) Thyroid hormones may exert their effects on mitochondria by altering the fluidity of the inner mitochondrial membrane, either directly by insertion into the lipid bilayer or indirectly by regulation of lipid metabolism [65] . (3) Some groups did not observe any thyroid hormone effects on isolated mitochondria, unless they injected T3 or T4 into severely hypothyroid animals several hours before isolation of the mitochondria [66] [67] [68] . Therefore the hypothesis was raised that cytoplasmic factors mediate the thyroid hormone effects on mitochondria [67] [68] [69] .
The following additional inferences can be drawn from the present investigation. Apart from a 43 000-47 000-Mr band which very probably represents a fragment of the nuclear T3 receptor [12, 70] , some proteins in the Mr 45000 range that were modified
Labelling of creatine kinase with a thyroid hormone derivative by BrAcT3 or by photoaffinity-labelling with underivatized T3 [10, 11, 14, 20, 70, 71] [10, [12] [13] [14] 17, 20, 72] are due to the fact that bromoacetyl derivatives of thyroid hormones act as exo-rather than endo-affinity labels, the present study favours the hypothesis that the lack of specificity for thyroid-hormone-binding sites is due to the preferential reaction of these derivatives with particular thiol groups. Interestingly, incubation of bovine heart mitochondria with bromodaunomycin, a bromoacetyl derivative of adriamycin, led to the selective labelling of three proteins, one of which had a subunit M, of 45000 [73] 
